Introduction Brain metastases are common in metastatic melanoma and radiosurgery is often utilized for local control. Immune checkpoint inhibitors (CPIs) play a central role in contemporary melanoma management; however, there is limited data exploring outcomes and potential toxicities for patients treated with CPIs and radiosurgery. Methods We retrospectively identified all consecutive cases of newly diagnosed melanoma brain metastases (MBM) treated with Gamma Knife radiosurgery at a single institution between 2012 and 2017, and included only patients that initiated CPIs within 8 weeks before or after radiosurgery. Results Thirty-eight patients were included with a median follow-up of 31.6 months. Two-year local control was 92%. Median time to out-of-field CNS and extra-CNS progression were 8.4 and 7.9 months, respectively. Median progressionfree survival (PFS) was 3.4 months and median overall survival (OS) was not reached (NR). Twenty-five patients (66%) received anti-CTLA4 and 13 patients (34%) received anti-PD-1+/-anti-CTLA4. Compared with anti-CTLA4, patients that received anti-PD-1+/-anti-CTLA4 had significant improvements in time to out-of-field CNS progression (p = 0.049), extra-CNS progression (p = 0.015), and PFS (p = 0.043), with median time to out-of-field CNS progression of NR vs. 3.1 months, median time to extra-CNS progression of NR vs. 4.4 months, and median PFS of 20.3 vs. 2.4 months. Six patients (16%) developed grade ≥ 2 CNS toxicities (grade 2: 3, grade 3: 3, grade 4/5: 0). Conclusions Excellent outcomes were observed in patients that initiated CPIs within 8 weeks of undergoing radiosurgery for newly diagnosed MBM. There appears to be an advantage to anti-PD-1 or combination therapy compared to anti-CTLA4.
Introduction
Brain metastases are a frequent occurrence in patients with metastatic melanoma, with historically poor outcomes [1] . More recently, the evolution of systemic therapy has resulted in improved survival [2, 3] . Patients with tumors harboring a Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1106 0-018-2930-5) contains supplementary material, which is available to authorized users.
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BRAF mutation have benefited from the introduction of targeted agents against BRAF and MEK, [4] [5] [6] [7] and central to the topic of this study, immune checkpoint inhibitors (CPIs) have dramatically improved survival for some patients [8] [9] [10] [11] [12] [13] [14] . Consistent with the findings of these landmark studies, there has been a rise in the use of immunotherapy between 2006 and 2015 with a commensurate decline in the use of cytotoxic chemotherapy in these patients [3] . Importantly, CPIs have documented activity in the central nervous system (CNS), [15] [16] [17] and emerging data suggest outcomes after radiosurgery might be improved in patients receiving CPIs [18] [19] [20] [21] [22] [23] [24] . Therefore, we reviewed our experience of patients with newly diagnosed melanoma brain metastases managed with CPIs and radiosurgery.
Materials and methods
We retrospectively reviewed the records of consecutive patients treated with Gamma Knife radiosurgery for melanoma brain metastases at a single institution between January 2012 and August 2017 to identify those meeting study inclusion criteria. Inclusion criteria were: (1) first presentation of melanoma brain metastases (patients with prior history of brain metastases were excluded) managed with radiosurgery, and (2) initiation of CPI within 8 weeks of radiosurgery. Patients that developed brain metastases while already receiving CPIs were excluded. Patients treated in a planned staged radiosurgery approach were also excluded from analysis for this study. Patients with progressive extracranial disease on the most recent cross-sectional imaging at the time of radiosurgery were categorized as having uncontrolled extracranial disease, while other disease states including stable disease, were categorized as controlled extracranial disease. Toxicity was scored according to the National Cancer Institute Common Toxicity Criteria for Adverse Events version 4.03 (NCI-CTCAE) [25] .
Fisher's exact tests were performed using R version 3.4.1 (R Foundation for Statistical Computing, Vienna, Austria) and were used to assess for associations between categorical variables (age, sex, KPS, BRAF mutation status, systemic disease status, number and volume of treated metastases) and class of CPI received. Graphpad Prism version 7.03 (GraphPad Software Inc., La Jolla, CA) was used for Kaplan-Meier survival analysis with log-rank comparison and for creation of the figures. The reverse Kaplan-Meier method was used for calculation of median follow-up [26] .
Results
Thirty-eight patients meeting our pre-specified inclusion criteria were identified with a median follow-up of 31.6 months. Twenty-one patients (55%) were under 70 years old, 24 patients (63%) were male, and the majority of patients (82%) had a Karnofsky Performance Status (KPS) of 90-100. Twelve patients (32%) had tumors with a BRAF mutation. Twenty-six patients (68%) had uncontrolled extracranial disease. Twenty-four patients (63%) were treated to three or less brain metastases and 14 patients (37%) were treated to four or more brain metastases (maximum: 12). Twenty-two patients (58%) were treated to a total volume of brain metastases of less than 1 cc, and 16 patients (42%) were treated to a total volume of brain metastases of 1 cc or more. Twentyfive patients (66%) received anti-cytotoxic T-lymphocyteassociated protein 4 (CTLA4) agents alone and 13 patients (34%) received anti-programmed cell death protein-1 (PD1) alone (n = 9) or combination anti-PD-1 and anti-CTLA4 therapy (n = 4). There were no significant baseline differences between groups receiving anti-CTLA4 agents alone or anti-PD-1 with or without anti-CTLA4. (Table 1) .
For the entire cohort, 2-year patient-based and lesionbased local control were 81% and 92%, respectively. The median time to out-of-field CNS and extra-CNS (eCNS) progression were 8.4 and 7.9 months, respectively. Median progression-free survival (PFS) was 3.4 months and median overall survival (OS) was not reached (NR). (Fig. 1) . Seventeen of 38 patients (45%) received salvage CNS therapies after initial radiosurgery which are detailed in supplemental table 1. Compared with anti-CTLA4, patients that received anti-PD-1 or combination therapy had improved time to outof-field CNS progression (median NR vs. 3.1 months), time to eCNS progression (median NR vs. 4.4 months), and PFS (median 20.3 vs. 2.4 months). These measures were significantly different between patients that received anti-CTLA4 and patients that received anti-PD-1 or combination therapy: out-of-field CNS progression (p = 0.049), eCNS progression (p = 0.015), and PFS (p = 0.043). There was a trend towards improved OS (p = 0.174) (Fig. 2) .
We also explored the impact of timing of CPIs with radiosurgery. Outcomes were compared for patients that received an infusion of CPI within 7 days before or after radiosurgery with patients receiving CPIs outside of that window. As shown in supplemental table 2, there were no significant baseline differences between these groups. PFS and OS were not significantly different for patients that received an infusion of CPI within 7 days before or after radiosurgery (p = 0.072 and p = 0.065, respectively). Yet, we observed trends towards improved PFS (median 7.3 vs. 2.2 months) and OS (median NR vs. 21.2 months) (Supplemental Fig. 1 ).
Radiosurgery and immune checkpoint inhibition was well tolerated overall. Three patients (8%) experienced grade two CNS toxicities (hemorrhagic conversion of treated brain metastases in all three patients). Three patients (8%) experienced grade three CNS toxicities (radiation necrosis which was confirmed on final pathology in all three patients) ( Table 2 ). An example of the progressive radiographic changes observed in these patients is shown in supplemental Fig. 2 . Grade three CNS toxicities were observed only in patients receiving anti-CTLA4 agents. There were no recorded grade four or five CNS toxicities.
Discussion
The landscape of systemic therapy for metastatic melanoma has undergone tremendous evolution over the last several years. Between BRAF and MEK targeted therapies and immune checkpoint inhibition, there has been an unprecedented improvement in outcomes from this disease [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Nevertheless, brain metastases remain common, and radiosurgery continues to be an important part of the management strategy for CNS disease in patients with melanoma brain metastases. In melanoma radiosurgery series from the era prior to targeted agents and immunotherapy, median OS for patients with brain metastases was on the order of a few months with only about 25% of melanoma patients surviving 1 year from radiosurgery [27] [28] [29] [30] [31] . Importantly, in our series of patients treated between 2012 and 2017 with CPIs and radiosurgery, median OS was not reached at a median follow-up of 31.6 months. Similarly, in the updated prognostic assessment for melanoma patients with brain metastases by Sperduto et al, the median OS for patients with the most favorable prognostic features was 34 months [2] .
Our study focused on overall outcomes and toxicities for patients treated with CPIs and radiosurgery, and on the comparison between patients receiving anti-CTLA4 and those receiving anti-PD-1 or combination therapy. Therefore, we did not include a comparison to patients that were managed with radiosurgery without CPIs. Other groups have addressed this question and have demonstrated that receipt of CPIs and CNS radiation is associated with improved outcomes compared with CNS radiation alone [22] [23] [24] . Silk et al retrospectively compared outcomes for 33 patients that received ipilimumab and CNS radiation with 37 patients that received CNS radiation without ipilimumab. Median OS was 18.3 months in the ipilimumab group and 5.3 months in the no ipilimumab group with a hazard ratio for OS of 0.43 (p = 0.005) [23] . Similarly, Knisely et al compared 27 patients that received ipilimumab and CNS radiation to 50 patients that received CNS radiation without ipilimumab. Median OS was 21.3 months in the ipilimumab group and 4.9 months in the no ipilimumab group (p = 0.044) [22] . Finally, Stokes et al utilized the National Cancer Database to address this question and found that among 1287 patients with melanoma brain metastases treated with CNS radiation, 185 also received immunotherapy, and receipt of immunotherapy was found to be associated with improved overall survival (HR 0.57, 95% CI 0.47-0.70, p < 0.01) [24] . Again one of the main aims of our study was to evaluate outcomes for patients that received anti-PD-1 or combination anti-PD-1 and CTLA4 compared with patients that received only drugs targeting CTLA4. We found that anti-PD-1 or combination immune checkpoint inhibition was associated with superior time to out-of-field CNS progression, time to eCNS progression, and PFS, with trends towards improved local control and OS. Interestingly, as a possible mechanism to support our clinical findings of improved outcomes with PD-1 blockade, preclinical studies have shown that radiation upregulates PD-L1 and can synergize with anti-PD-L1 therapy [32, 33] . Further, our clinical control in patients receiving anti-PD-1 compared to anti-CTLA4 (12.7 vs. 7.5 months). Median OS was also longer in patients receiving anti-PD-1 compared to anti-CTLA4 (20.4 vs. 7.5 months) [20] .
In addition to a comparison of anti-PD-1 and anti-CTLA4, we also set out to examine the impact of the timing of radiosurgery and receipt of immune checkpoint inhibition on outcomes. In one prior study by Ahmed et al. [19] , of 26 patients treated with radiosurgery and the anti-PD-1 agent, nivolumab, on univariate cox regression for overall survival there was not a statistically significant difference between patients that were treated with radiosurgery before or during nivolumab compared with those that underwent radiosurgery after nivolumab (HR 0.71, 95% CI 0.16-2.24, p = 0.58). However, Kiess et al, in their study of ipilimumab and radiosurgery, showed that patients that received radiosurgery before or during ipilimumab had improved overall survival and out-of-field recurrence-free survival compared with patients that received radiosurgery greater than one month after the last infusion of ipilimumab [21] . As a result of the selection criteria for our study, our cohort was limited to the better performing arms of the study by Kiess et al (radiosurgery before or during treatment with CPI), and thus the excellent outcomes observed in our cohort appear to support their findings. We further aimed to determine if we could identify an optimal timing for radiosurgery with infusion of CPI within our cohort. We observed trends towards superior PFS and OS in patients that received infusion of a CPI within 7 days before or after radiosurgery compared with patients receiving CPIs outside of this window. Although these findings did not reach statistical significance, possibly due to sample size, the magnitude of difference is observed is notable.
Beyond efficacy, it is also important to note that the toxicity profile for patients in our study was acceptable. The overall rate of grade 2 or higher CNS toxicity was 16% (8% grade 2, 8% grade 3, and no grade 4 or 5 CNS toxicities). Many of the previously cited studies also reported toxicities for comparison. Silk et al reported comparable toxicities in their ipilimumab group in respect to their comparison cohort, with only 3.9% of patients experiencing intratumoral hemorrhage in the ipilimumab group and no radiation necrosis in the ipilimumab group [23] . In the study of 26 patients by Ahmed et al that received anti-PD-1 and radiosurgery, only one patient experienced grade 2 headache managed with steroids. There were no other reported toxicities [19] . Kiess et al, however, do report that 15.2% of the 46 patients in their study of radiosurgery and ipilimumab experienced grade 3 or 4 CNS toxicities, [21] higher than the rates of grade ≥ 3 CNS toxicity we observed. One possible explanation for this variation is that their study included only anti-CTLA4, whereas 24% of our cohort received anti-PD-1 alone. Importantly, all three grade 3 toxicities in our study were observed in patients that received anti-CTLA4. We did not observe any grade 3 toxicities in patients that received anti-PD-1.
Importantly, our study does have several salient limitations. This is a retrospective study and the conclusions are limited by selection bias inherent to studies of this nature. Further, while the number of patients included in our analysis is comparable to existing published series, the overall cohort size is nonetheless small, and from a single institution, further limiting the potential generalizability of our findings. Despite these limitations, this study adds to the emerging body of evidence supporting a benefit to immune checkpoint inhibition and radiosurgery for melanoma brain metastases. Further, we observed a benefit to anti-PD-1 therapy compared to anti-CTLA4, which is concordant with the limited existing data on this topic. Additional studies exploring this paradigm, with a specific emphasis on class of CPI and timing with radiosurgery, are warranted.
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